Abstract -The Compressed Sensing (CS) sampling theory has been combined with the Light Beam Induced Current (LBIC) method, to produce an alternative current mapping technique for photovoltaic (PV) devices. Compressive sampling of photocurrent is experimentally implemented using a Digital Micro-mirror Device (DMD). The main advantage of this new method for current mapping is that measurement time can be significantly reduced compared to conventional LBIC measurement systems. This is achieved mainly by acquiring fewer measurements than a raster scan would need and by utilizing the fast response of the micro-mirror array. Two different experimental layouts are considered in this work. The first is a small area optical set-up based on a single wavelength laser source. The second layout utilizes a commercial Digital Light Processing (DLP) projector through which compressive sampling is applied. Experimental results with both experimental schemes demonstrate that current maps can be produced with less than 50% of the measurements a standard LBIC system would need. The ability to acquire current maps of individual cells in encapsulated modules is also highlighted. The advantages and drawbacks of the method are presented and its potential to significantly reduce measurement time of current mapping of PV cells and modules is indicated.
I. INTRODUCTION
Spatial characterization of photovoltaic (PV) devices is essential and leads to an improvement of PV product quality through detection and prevention of production induced defects. There are several established spatially resolved PV characterisation methods that can provide a number of performance parameters of PV devices. These techniques include electroluminescence [1] , photoluminescence [2] , lockin thermography [3] and light beam induced current (LBIC) measurements [4] .
Photocurrent mapping provides insight of local optical and electrical parameters of PV devices, as well as a better understanding of their material and degradation properties. Quantitative current mapping is usually achieved by Laser/Light Beam Induced Current (LBIC) measurements. The standard methodology for an LBIC system consists of a light beam that scans the PV sample while the induced current is measured at every point to acquire the final current map. The most significant drawback of such techniques is that measurements are very time consuming. Measurements often last several hours in order to produce a high resolution current map. Additionally, experimental layouts can be rather complicated and cumbersome as they may require lock-in amplifiers and bias lighting.
In this work new experimental schemes for current mapping of PV devices are explored in order to significantly reduce measurement time. The applied method is based on the compressed sensing (CS) sampling theory [5] [6] . According to the CS theory, one can reconstruct a signal from highly incomplete or inaccurate information. Compressed sensing uses a similar type of mathematics as JPEG compression does for storing images. In JPEG image compression, most of the information of an image is discarded at the compression stage. Only K elements are kept, while the image can be accurately restored using these K elements. Similarly, the aim of CS imaging is to directly acquire the K coefficients necessary for an almost exact reconstruction of a signal or an image. This is achieved by only acquiring M<<N linear measurements for capturing an N pixel image, where K<<M.
A compressed representation of a sparse signal x can be acquired using M<N linear measurements between x and a collection of test functions Φ={φ m } m=1
M . This means that a convex optimization problem is created by measuring y[m]=〈x,φ m 〉. Minimization of the ℓ1 norm is used to find the solution: x =argmin‖x‖ 1 subject to Φx=y. For the realization of CS current mapping measurements, a series of random patterns is projected on the sample under test. The current response is measured for each pattern. These patterns correspond to the test functions required for compressive sampling. The final current map is acquired via a reconstruction algorithm. A Digital Micromirror Device (DMD) is used [7] for the generation of the patterns. The DMD array has a very short response time, which is less than 20μs. Combined with the reduced number of measurements needed to acquire the complete current map, measurement time can be reduced by at least an order of magnitude. Moreover, it has been demonstrated already that point by point current mapping utilizing a DMD chip [11] or a DLP projector [12] is feasible.
Two different experimental CS current mapping schemes are considered in this work. A CS current mapping optical prototype has been built at NPL based on a DMD chip. This initial setup can perform small area scans and initial measurements have proved the feasibility of the method [8] [9] . Current maps have been produced with just 30% of the measurements a standard LBIC system would need. As a scaleup of the small area system, a larger setup based on a digital light processing (DLP) projector has been built at CREST. The aim is to explore the possibility of utilizing projection technology for applying CS current mapping measurements in larger PV devices. The major advantage of using projection technology is that individual cells in encapsulated modules can be assessed. The cell under test can be current limited by adjusting the necessary CS patterns, while the rest of the cells are light biased [10] .
II. EXPERIMENTAL SYSTEMS

A. Prototype small area experimental setup
A prototype has been built in NPL for the realization of small area CS current mapping of PV devices. Two different light sources have been used, a 40mW 658nm laser and a 100mW 785nm laser. After exiting a single mode fiber, the beam is expanded and collimated, overfilling the DMD chip. The DMD generates the series of patterns to be projected on the sample under measurement. The DMD array has a 1024x768 resolution, with each micromirror having a side length of approximately 14μm. Thus, the DMD area is approximately 1.4cm by 1cm. A 768x768 pixel area of the DMD is utilized resulting in a maximum measurement area of approximately 1cm by 1cm. The projection is currently not magnified. A spatial filter is used for a cleaner projected image. A schematic diagram of the setup is presented in Fig. 1 .
The discrete cosine transform is applied as a basis to provide the sparse representation of the signal. Random binary matrices are used for sampling in this system, to produce the sensing matrix [13] . Reconstruction of the final current map is realised in MatLab, using the ℓ1 MAGIC package [14] . A significant advantage of using the DMD is that its switching response time is shorter than 20μs, which results in increased measurement speed. Ultimately, measurement speed is limited by the sampling rate and the number of samples taken for each pattern. In this series of measurements the speed was approximately 10 samples per second, but there is potential for faster sampling with software and hardware optimisation. Since the patterns illuminate around half of the cell each time, the high signal to noise ratio diminishes the need for a lock-in amplifier. 100 by 100 pixel images with 50% of measurements acquired (5000 patterns) are generated in approximately 8 minutes.
B. DLP projector based system
For realizing CS current mapping of larger area PV devices and especially PV modules, another scheme is explored utilizing a DLP projector. An ACER 7605 DLP projector is used in this work. The projector has a 370W Osram UHP lamp, which provides a light output of 5000 lumens. The internal 1920x1200 pixel DMD chip creates the projection's patterns. The key advantage of DLP technology is the high contrast ratio. It allows the system to generate a black pixel equivalent to a masked shaded spot on the PV module. A drawing of the experimental setup is presented in Fig. 2 . All measurements were made in a dark room, to minimize background light influence.
Prior to measurements, the projector's properties were investigated, as the light intensity is expected to vary temporally and spatially. Due to the internal colour wheel synchronized with the DMD chip of the projector, the colours are displayed sequentially at a high rate such that only the final combination of colours can be observed by the human eye. This operation may be well suited for usual projection requirements, but creates significant spectral and temporal variations of irradiance for PV characterisation. In order to overcome this limitation, the colour wheel of the projector was removed from the light path. As a result the projector only projects in black 978-1-5090-5605-7/17/$31.00 ©2017 IEEE and white. The spectrum is stable during measurements. This approach would provide a very simple and cost-effective spatial characterisation tool and make the first step towards a dedicated projector system for PV characterisation.
For the case of series interconnected PV modules, the patterns are projected on the cell under measurement while the remaining cells are light biased. This is necessary to ensure the cell under measurement is the limiting cell of the module. As there are no bypass diodes, the current measured at the contacts of the module is the current of the cell under test [10] . Current maps of fully encapsulated modules can be acquired with this simple setup.
Although the projector is controlled through a LabView environment, there is not direct control of the internal DMD chip of the commercial projector. The micromirrors that create the projections still turn on and off independently at a rate faster than 20μs, inserting temporal variations of irradiance on the sample. Fortunately these variation are periodic, with a period of approximately 4ms. Thus, current readings were acquired with an integration time of multiples of this period, to minimize measurement noise. Another issue is variation of the lamp intensity at random time intervals. Constant monitoring of the light intensity and calibration of each measurement is necessary to minimize the influence of this issue.
For this series of measurements with the projector system, the standard laminate size modules used for ageing experiments at CREST are used. These are 6-cell crystalline Silicon (c-Si) mini modules which are produced in-house. Each cell has a size of 15.7cm by 15.7cm. The terminals of each individual cell were extended to the outside of the encapsulation, allowing direct contact of each individual cell for validation purposes. This alternative operation allows a robust validation of measurements results, but also the possibility of CS current mapping of individual cells. No by-pass diodes are integrated within the mini-module.
III. MEASUREMENT RESULTS
In Fig. 3 , CS current mapping results of a 1cm by 1cm area of a c-Si cell are presented. An EL image of the c-Si sample used is also included for comparison. The current map size is 96x96 pixels, as a result the optical resolution is approximately 100μm. The current maps were reconstructed acquiring different numbers of measurements and are presented as a percentage of the total number of pixels of the current map (i.e. 100% being the number of measurements a raster scan would need). In the case presented here, the total number of pixels is 9216. As an example, the 30% current map was produced with 2765 measurements.
It is evident from the results of Fig. 3 that significantly fewer measurements are needed for acquiring a current map than when using a standard LBIC point by point scan. A CS current mapping system requires less than half of the time a standard LBIC system needs to scan the same area with the same resolution. Moreover, as half of the area of the sample is illuminated rather than only one point, the signal to noise ratio is greatly enhanced, eliminating the need for lock-in techniques. This simplifies and accelerates the measurement. Results show that from over 40% (3686) measurements, there is no significant further improvement of the current map.
The Gaussian top-hat distribution of the irradiance of the beam is obvious in the current maps generated by the small area setup. In addition, the projection plane does not exactly coincide with the plane of the sample, thus the image appears as if it is observed at an angle. In future implementations a diffuser with additional optics can be used before beam collimation for a more uniform intensity of the projection.
Using the DLP projector for CS current mapping is not as straightforward as the small area layout. Temporal variations of light intensity introduce considerable measurement noise that affects compressive sampling accuracy. Additionally, the broad spectrum of the incident light is not optimal for current mapping of crystalline silicon devices. The same mathematical procedure as in the small area setup case is used for applying compressive sampling. Current maps of a single c-Si cell were acquired to test the functionality of the system (Fig. 4) . The percentage is the ratio of measurements acquired, to the total number of pixels of the current map. Random patterns are used for compressive sampling, while the ℓ1 magic solver is used for reconstruction.
Although the resolution is not high enough to distinguish the fingers of the cell, the busbars are clearly visible, which shows that the method is feasible. In addition, as the pattern again illuminates half of the cell, high signal to noise ratio is achieved. Above 80% of measurements, the increased noise of the system starts having an effect on reconstruction results, corrupting the current map. However, the purpose of the method is to acquire a smaller number of measurements, so the reconstructed current maps in the range of 40% to 60% of measurements provide the best results. The next step is to test if CS current mapping of PV modules is possible with such a simple system based on a DLP projector. The module used consisted of c-Si cells of the same type, as the one presented above. Each cell was sampled with the necessary patterns consecutively, while the rest were fully illuminated, as illustrated in Fig. 2 . This is extremely easy to achieve using a DLP projector. Current mapping of PV modules requires shading the cell under measurement for limiting and light biasing the rest. A DLP projection system provides the means to accomplish this, without the need of any mechanical shading mechanisms. The resolution achieved in these results is approximately 1.5mm.
A reconstructed CS current map of the 6-cell PV module is presented in Fig.5 . 50% of measurements were acquired, compared to the pixels of the current map. Results still contain a significant amount of noise, due to the temporal variations of light intensity. Due to the large integration time for every measurement, total sampling time was 6 hours (1 hour for each cell). Reconstruction time is approximately one minute, which is a negligible amount compared to actual measurement time CS current mapping with the DLP projector system was also realised for a thin film PV device. An a-Si thin film mini module with a size of 5cm by 5cm, consisting of 3 series connected cells was used for measurements. The same principles as in the case of the c-Si modules were followed, but this time the patterns were not square but rectangular, in order to cover individual cells of the mini module, as shown in the photo on the left side of Fig. 6 . A resolution of 10000 pixels was used for each cell. The results (right side of Fig. 6 ) indicate that CS current mapping with a DLP projection technology can also work for thin film modules, using the same methodology of light biasing for the cells not under measurement.
In the current system there are high noise levels evident in the current maps. This is due to the commercial projector the system is based on. However, the results indicate that low resolution measurements are possible even with such a system. A custom made DLP projection based experimental layout for CS current mapping is necessary for optimized measurements. . CS current map of the 6 cell PV module used in these experiments. The CS current map is produced having acquired 30000 (50%) of measurements. Fig. 6 . CS current map of the 6 cell PV module used in these experiments. The CS current map is produced acquiring 50% of the measurements over a total count of 30000 pixels.
This must include a single wavelength temporally stable light source, direct control of the DMD sub-system and the equivalent projection optics of a projector. Measurement speed will be significantly increased with such a dedicated system, reaching and likely exceeding the speed of the small area setup, due to the high signal to noise ratio that can be achieved. The same optical principles used in DLP projectors will be applied, but a single wavelength high power light source should be of more interest, for more accurate determination of penetration depth into the PV material.
IV. CONCLUSIONS
An alternative approach for current mapping of PV devices is presented in this work. The technique is based on the compressed sensing sampling theory and can significantly reduce the measurement time of current mapping for PV device characterization. Instead of a point by point scan, a series of random patterns is projected on the sample under test, measuring the current response for each pattern and building the final current map using an optimization algorithm. The measurements required are much fewer than when applying a raster scan, which results in a reduced measurement time for current mapping. Further advantages are high signal to noise ratio for current readings and much simpler experimental layouts compared to standard LBIC systems.
The method is experimentally demonstrated through two different schemes. An experimental setup for small area measurements based on a DMD chip has demonstrated that the technique is feasible and reliable current maps can be acquired with much fewer measurements than what a standard LBIC system would need. A second approach is presented, utilizing a DLP projector for creating the necessary patterns for CS current mapping. Experimental results demonstrate that a CS current mapping system based on DLP projection technology could provide a realistic solution for current mapping of PV modules. However, the prototype system of this work cannot achieve very high accuracy and resolution by using a standard commercial DLP projector. A custom system would provide more control and be able to reduce temporal variations of light intensity and consequently provide higher accuracy.
